Background: Overexposure potential indices (OPIs) can be defined as ratios between different measures of the volatility of a substance and its 8-h occupational exposure limit. Objectives: The overall objective of this study was to compare three OPIs, using a list of commonly used or recommended solvents as both single substances and mixtures. The three indices studied differ in the way they characterize volatility: vapour pressure for the vapour hazard ratio (VHR), calculated emission rate for the 'SUBstitution FACtor' (SUBFAC) index obtained from the former Danish SUB-TEC software and discrete values based on relative evaporation rate for the Måleteknisk Arbejdshygiejnisk Luftbehov (MAL) index which is part of regulations in Denmark.
INTRODUCTION
Substitution constitutes a key preventive measure of occupational and environmental health hazard control strategies and is recognized as a cornerstone of sustainable chemical management policies (Thorpe and Rossi, 2007) . Substitution is encouraged or mandatory in several jurisdictions, e.g. in Canada and Quebec for dangerous substances in general and in the European Union for carcinogens and mutagens (Gouvernement du Québec, 2001; EU, 2004; Government of Canada, 2008) .
Although a significant decrease in exposure to several solvents in workplaces over time has been reported (Creely et al., 2007) , solvents remain a concern as they are widely used in a number of industrial sectors (Lundberg et al., 2005) . Efficiently implementing solvent substitution in the workplace requires the ability to properly compare the occupational risks of each solvent evaluated. Comparison among volatile substances can be carried out using an index representing their intrinsic propensity to create an unacceptable exposure, based on the ratio between their volatility and their 8-h occupational exposure limit (OEL) . Three main such occupational overexposure potential indices (OPIs) have been *Author to whom correspondence should be addressed. Tel: þ(514)343-6134; fax: þ(514)343-2200; e-mail: michel.gerin@umontreal.ca reported: vapour hazard ratio (VHR), SUBstitution Factor (SUBFAC) and Måleteknisk Arbejdshygiejnisk Luftbehov (MAL) (Popendorf, 1984; Olsen et al., 1992; DWES, 1993) . When comparing solvents in a substitution project, the one with the lowest OPI should be preferred.
The VHR is currently the most commonly recommended index for comparing volatile substances in substitution projects (Popendorf, 1984 (Popendorf, , 2006a Goldschmidt, 1993; Perkins, 2008; Smith, 2008) . In the case of a pure substance, it is defined as the ratio of its saturated vapour concentration to its 8-h OEL:
where C sat is the saturated vapour concentration in p.p.m., P vap is the vapour pressure, P atm is the atmospheric pressure and OEL is the 8-h OEL in p.p.m. The VHR is unitless. The SUBFAC index was developed in the 1980s by Olsen et al. in Denmark for comparing alternative products containing volatile substances (Olsen et al., 1992; Olsen, 1998) . This index is based on the evaporation rate which takes into account both the mass transfer coefficient and the saturated vapour concentration (Olsen, 1998) :
where R is the evaporation rate of the substance (mg s À1 m
À2
), K is its mass transfer coefficient (m s À1 ), C sat its saturated vapour concentration (mg m
À3
) and OEL is its 8-h OEL in mg m
. The SUBFAC index, even though formally in m s
À1
, is reported by Olsen et al. without units, having no physicochemical signification but being used solely on a comparative basis (Olsen et al., 1992) .
The substitution technique (SUBTEC) software calculates the SUBFAC index data for some 800 substances (Wallstrøm and Olsen, 1991) . Available in Europe for a number of years, its usage is presently limited to former owners since its commercialization was interrupted several years ago (Wallstrøm, Personal communication) .
The MAL index is used to determine the MAL code for the labelling of products containing volatile substances sold in Denmark where it is recognized as an important tool supporting the replacement of dangerous substances (Hansen, 1999) . The evaporation rate relative to n-butyl acetate (ER but ) is used as an index of the volatility of substances.
where d is the density of the product (kg l
), OEL is in mg m À3 and k is a discrete variable related to the value of ER but (ER but . 15, k 5 2; 2 , ER but 15, k 5 1.4; 0.3 , ER but 2, k 5 1; 0.1 , ER but 0.3, k 5 0.7; 0.01 , ER but 0.1, k 5 0.3; ER but 0.01, k 5 0). The units of the MAL index are cubic metre of air per litre of product (DWES, 1993) .
The Danish MAL index is equivalent to the Norwegian YL-tall (Arbeidstilsynet, 2005) and the occupational air requirement (OAR) index presented by Brouwer et al. (2005) for paint users. These indices represent the volume of air required to dilute the vapour from 1 l of product to a concentration below the OEL (Brouwer et al., 2005) .
OPIs may also be calculated for mixtures, a frequent occurrence in the case of solvents. Ideal mixtures obey Raoult's law where each component's partial vapour pressure (P partial,i ) is a function of the molar fraction (x i ) of component i in the liquid and the vapour pressure of pure chemical i (P vap,i ):
The nonideality of mixtures, the rule rather than the exception, can be taken into account by the introduction of a correction factor, the activity coefficient (c i ) (Grain, 1990) . Thus, for a nonideal mixture:
The VHR of a mixture can be calculated by summing VHRs of each component weighted by their molar fraction as either VHR mi (VHR mixture, ideal) using uncorrected partial pressure values or as VHR mc (VHR mixture, corrected) using partial pressure values corrected for nonideality (Goldschmidt, 1993; Popendorf, 2006a) . The SUBFAC index for mixtures is systematically calculated by taking account of activity coefficients (Olsen et al., 1992) . For the MAL index, however, no correction is made and the weight percentage of each component is used directly in the calculation (DWES, 1993) .
The activity coefficient of a component in a mixture reflects its physicochemical interactions with other components and depends on both the concentrations of the components and the chemicals' molecular structures (Grain, 1990; Popendorf, 2006c) . As an example, for a given organic solvent, the activity coefficient is usually .1 when mixed with a component of differing polarity (thus creating a more 'hostile' environment) and will increase as its concentration in the mixture decreases. While deviations from ideality are as a general rule less than a 2-fold factor (c i , 2) at molar fractions of 50%, deviations will generally increase when components are more dilute (Popendorf, 2006c) . For example, a c i of 40 is reached for methanol at 1% molar fraction in C 6 -C 7 alkanes while c i is 4 for the same dilution of benzene in ethanol (Popendorf, 2006c) . The UNIQUAC functional group activity coefficient (UNIFAC) method, based on molecular fragments, has been recommended to estimate 392 M. Debia, D. Bégin and M. Gérin activity coefficients (Grain, 1990; Popendorf, 2006c) and is used in the SUBTEC software to calculate SUBFAC indices for mixtures. While the VHR is the OPI most commonly recommended to hygienists, the MAL index is also currently used in certain European countries because of the regulatory context. The use of the more complex SUBFAC index is presently limited because of restrictions on the availability of the SUBTEC software. Little has been published on these indices and no comparative evaluation has been performed. In addition, the actual impact of nonideality in OPI calculations for mixtures has not yet been adequately described. Thus, the overall objective of this study was to compare these three OPIs, using a list of commonly used or recommended solvents as both single substances and mixtures.
METHODS

Selection of solvents
Pure solvents Indices were calculated for 56 pure solvents. Of these, 42 were selected from a survey of the solvents most used in France in 2004 (Triolet, 2005) . Four of 42 were petroleum cuts: white spirit/ Stoddard solvent, special-boiling-point spirit, naphthas and aromatic hydrocarbons. One solvent representative of each of these four classes was selected for the present study from marketed commercial products: Varsol Solvent (Esso, 2005a) , Exxsol DSP 115/145 (Esso, 2006) , Shellsol D60 (Shell, 2005) and Solvesso 150 Ultra-low naphthalene (ULN) (Esso, 2005b ). These 42 solvents were then supplemented by 14 other solvents either traditionally (e.g. carbon disulfide) or recently introduced or reintroduced (e.g.
D-limonene).
Solvent-based mixtures A search in the Material Safety Data Sheet (MSDS) database of the Canadian Centre for Occupational Health and Safety (CCOHS, 2008) identified mixtures used in Canada. The keywords 'solvent', 'thinner', 'cleaner' and 'degreaser' were used to identify specific MSDSs. The objective was that selected solvent mixtures should be representative of solvents used in industry. Two selection criteria were used: (i) each component of the mixture has to be one of the 56 pure solvents and (ii) only one representative solvent mixture among several of similar composition should be selected. Fifty solvent mixtures which met the above criteria were selected. When a concentration range was given in the MSDS, the median concentration was chosen.
Calculations of indices
Pure solvents VHR and MAL indices were calculated for the 56 pure solvents according to equations (1) and (3). SUBFAC indices were obtained using the SUBTEC software (Wallstrøm and Olsen, 1991) .
Mixtures For mixtures, VHR mi , VHR mc , SUB-FAC m and MAL m indices were calculated as:
where OEL i is the OEL of component i. The XL UNI-FAC spreadsheet was used to predict activity coefficients in equation (7) (Randhol and Engelien, 2000; Popendorf, 2006c) .
where R i is the calculated evaporation rate of compo-
). SUBFAC m values were obtained directly from the SUBTEC software (Olsen et al., 1992) .
where d is the density of the mixture (kg l À1 ) and W i is the weight percentage of component i in the mixture.
Data selection
The same OELs were used for calculating VHR, MAL and SUBFAC indices. OELs for pure substances listed in the American Conference of Governmental Industrial Hygienists (ACGIH) TLV book were taken from that source using the 8-h timeweighted average concentration (ACGIH, 2008) . For substances not listed in the ACGIH TLV book, regulatory or recommended limits were considered based on worldwide values published by the ACGIH (ACGIH, 2007) . Only German Maximale ArbeitsplatzKonzentrationen, American Industrial Hygiene Association Workplace Environmental Exposure Levels, Canadian OELs (Québec and Ontario) and Dutch OELs were used. For 2-butanone and 2-pentanone present in the ACGIH list, the more stringent OELs of the Québec legislation were retained.
Most vapour pressures at 25°C and densities were determined using the Hazardous Substances Data Bank (NLM, 2008) . Some data were obtained using the SOLV-DBÒ database (NCMS, 2008) and from the handbook by Riddick et al. (1986) . ER but values were taken from a compilation by the Huntsman Corporation (Huntsman, 1999) , completed with data from SOLV-DBÒ (NCMS, 2008) . Densities of solvent-based mixtures were taken from their MSDS.
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Missing densities were computed using the weighted value.
Statistical analysis
Values of indices being log-normally distributed, Pearson correlation coefficients (R) on log-transformed values were calculated to compare them using SPSS v. 16.0 (SPSS, 2008) .
RESULTS
OPIs for pure solvents
VHR, SUBFAC and MAL indices are presented in Table 1 for the 56 pure solvents classified by chemical family (alcohols, glycols, aliphatic, aromatic and halogenated hydrocarbons, ketones, esters, ethers, glycol ethers, petroleum distillates and other solvents). Ranks are also presented for the 54 substances common to the three systems. Indices vary on large scales: between 2.88 and 472 000 for VHR, between 0.48 and 305 000 for SUBFAC and between 0 and 770 000 for MAL. The lowest score is assigned to 2-(2-butoxyethoxy)-ethanol by the three indices and the highest two scores are assigned to carbon disulfide and benzene. SUBFAC values are lower than VHR values with a ratio SUBFAC:VHR averaging 0.37 and ranging from 0.15 (D-limonene) to 2.0 (2-methylbutane). Ratios between MAL and VHR average 21, with a minimum of 0 [benzyl alcohol, ethylene glycol, propylene glycol and 2-2(butoxyethoxy)-ethanol] and a maximum of 167 (N-methyl-2-pyrrolidone). Differences in ranking are minimal between VHR and SUBFAC, never exceeding eight ranks, but more important between MAL and VHR with differences of 10 ranks and more (reaching up to 31) in 18 solvents of the 54 compared.
Correlations between log-transformed indices were statistically significant with correlation coefficients of 0.99 (P , 0.01) between VHR and SUB-FAC and 0.75 (P , 0.01) between VHR and MAL. Correlations are graphically presented in Fig. 1 .
OPIs for mixtures
Values for VHR mi , VHR mc , SUBFAC m and MAL m indices are presented in Table 2 Correlations are excellent between VHR mi and VHR mc (R 5 0.98; P , 0.01), between VHR mi and SUBFAC m (R 5 0.95; P , 0.01) and between VHR mc and SUBFAC m (R 5 0.98; P , 0.01) while correlation between VHR mi and MAL m is moderate with a correlation coefficient of 0.52 (P , 0.01) (Fig. 2) .
DISCUSSION
The main objective of this work was to compare three common OPIs using a list of important solvents and common mixtures of solvents. Little has been published on this topic, and hygienists using different systems may profit from this type of evaluation.
Values presented in Table 1 for the 56 pure solvents show that each of the three indices varies in a range spanning several orders of magnitude, indicating a high power to discriminate between substances. Substances rank in overall similar order with high indices for highly toxic and/or very volatile solvents (e.g. benzene, carbon disulfide and dichloromethane) and low indices for the least hazardous and/or volatile ones (e.g. glycols and some glycol ethers and benzyl alcohol). An excellent correlation was found between SUBFAC and VHR, lower yet good between MAL and VHR.
When comparing specifically SUBFAC and VHR, ratios between the two indices vary in a relatively narrow range from 0.16 to 0.9 with the exception of 2-methylbutane at 2.0. Differences in ranks which are overall minor between the two systems could, however, result in possible different substitution choices between two substances with a higher difference in ranks yet in the same general ranking zone. As a worst case example, D-limonene is rated better than ethanol with SUBFAC (six ranks) but worse with VHR (eight ranks). There is, however, only a ,2-fold ratio between these substances with either index, a difference which can be considered as relatively minor.
The fact that VHR and SUBFAC are well correlated supports recommending the use of the simpler VHR system which is based solely on the vapour pressure of substances rather than the more complex evaporation rate which in SUBFAC is calculated on the basis of several physicochemical parameters including vapour pressure. This is reinforced by the fact that models predicting evaporation rates have been shown to be in practice closely related to the vapour pressure of substances. Indeed, an excellent linear correlation has been reported between logtransformed values of evaporation rates and vapour pressures of 82 pesticidal active ingredients and coformulants covering a wide range of vapour pressures (Wesenbeeck et al., 2008) . Furthermore, Lennert et al. (1997) have shown in a test chamber study that a model for the prediction of evaporation rates based on vapour pressure as the sole substance-dependent parameter fared better than other evaporation models (Popendorf, 2006b) . Correlation between MAL and VHR is not as good as that between SUBFAC and VHR (figure 1). This is also apparent in frequent large differences in ranking between the two systems (Table 1) . This may be due in theory to two factors. One is related, as for SUB-FAC discussed above, to the differing physicochemical nature of the relative evaporation rate (MAL) compared to the vapour pressure (VHR). The other factor relates to the distortion attributed to the computation of the MAL index, in which the relative evaporation rate is not entered as such but rather as a discrete variable k with six levels ranging from 0 to 2. For example, the same coefficient k of 1.4 is allocated to diethyl ether which has a high relative evaporation rate of 11.8 and to toluene with a much lower rate of 2, resulting in an underestimation for diethyl ether and an overestimation for toluene. In fact, 22 solvents of the 56 (i.e. 40%) are in the same category of k 5 1.4. Similar observations were reported by Krop et al. (2007) who suggest the use of a continuous scale to determine the evaporation factor and recommend the calculation of a new index called Adequate Warning and Air Requirement for products containing volatile organic compounds (Krop et al., 2007) . As an illustration in our data, an excellent correlation can be calculated (R 5 0.99) when comparing VHR with an alternative MAL index using ER but without categorization. However, there remains a limitation to indices based on relative evaporation rates because these values are not as readily available than vapour pressures (e.g. on MSDS) and cannot be corrected for temperature. These considerations support using the simpler and more discriminating VHR index rather than MAL to compare solvents when not obliged by regulation.
When looking at solvent mixtures, the same pattern of comparison between the three OPIs emerges as for pure solvents, with excellent correlations between SUBFAC and VHR (corrected or not for (Olsen et al., 1992) . Comparative evaluation of OPIs used in solvent substitution 397 nonideality) but substantially poorer when comparing MAL and VHR. While VHR and SUBFAC correctly use the liquid molar fraction of each component to calculate OPIs for mixtures (Raoult's law), the MAL index uses the weight fraction, typically given in MSDSs. This difference could partially explain the poorer correlation between VHR mi and MAL m when dealing with mixtures. The influence of the correction for nonideality is best examined by comparing VHR mc with VHR mi . Overall this influence is seen as minimal, with a correlation coefficient of 0.98 between the two indices and an average increase of only 20% for corrected VHRs compared to uncorrected values. The range of 0.59-2.7 for the ratio VHR mc :VHR mi indicates that the influence of nonideality brings corrections mostly towards higher values but with a factor of ,3. As a general rule, activity coefficients increase when molar fractions decrease (Popendorf, 2006c) .
Even though activity coefficients for individual substances vary in a wide range (up to 8.5 in the present dataset), their effect on the VHR is attenuated by the dilution of the substances in the mixtures. An additional effect is related to the relative values of the VHR of the substance of low molar fraction compared to the VHR of the other solvents. As an example, in mixture 12, the high activity coefficient (8.5) reported for ethanol did not modify the VHR significantly (VHR mc :VHR mi 5 1.1) because ethanol has a molar fraction of only 0.09 and its VHR of 78 is much lower than that of n-hexane at 4030. However, in mixture 47 which is the most modified in the VHR mc calculation (VHR mc :VHR mi ratio of 2.7), the important increase in the VHR is due to an elevated activity coefficient of 5.6 for N-methyl-2-pyrrolidone (molar fraction 0.19) combined with a higher value of VHR (45.4) for this low molar fraction solvent compared to the value for the main Table 2 are ,1. Mixture 44, composed of N-methyl-2-pyrrolidone and ethanol, is the lowest at 0.59 while all other ratios are .0.7. Likewise, Fredenslund et al. (1977) report activity coefficients ,1 for several binary mixtures, including a chloroform-acetone solvent mixture which is one of the lowest at 0.486. This is to be expected with organic compounds having stronger intermolecular attraction in the mixture than between molecules of the pure compounds. It is explained by hydrogen bonding between the different molecules in the mixture (Barrow, 1979) .
A factor of 4.6 is obtained when comparing the two extreme values of VHR mc :VHR mi (2.7 and 0.59) in our data set of 50 mixtures. Thus, the maximum error of underestimation when comparing two mixtures and not taking into account nonideality is approximately a factor of 5. In other words, correction for nonideality would not be necessary when comparing two mixtures as long as the non-corrected VHR value for an alternative mixture is at least 5-fold less than the original. If this ratio is less than five, precaution should prevail and either the alternative mixture should be rejected or VHR values corrected for nonideality should be computed. This was indeed one of the original intents of the SUB-TEC software to systematically compute an OPI that takes in account nonideality. Since it is based on a limited set of mixtures, this 5-fold factor should be considered an approximation and should be validated with other sets of solvent mixtures.
While some authors have published extensive data on VHRs for individual substances, this study is the first to report VHRs corrected for nonideality (VHR mc ) for tens of mixtures of commonly used solvents. However, there are several limitations to this study. The 56 pure substances selected are only a sample of the hundreds of solvents that could be found in the workplace. They were chosen, however, to include the most widely used and to cover a large variety of chemical families and of degrees of hazard, as demonstrated by indices spanning very wide ranges. The coverage of mixtures is evidently less complete, knowing that there is a very large number of combinations that can be formulated. The 50 mixtures of solvents were, however, selected from commercial formulations and included the majority of our pure substances. Purposely, this study did not include more complex mixtures such as aqueous solvents and mixtures involving petroleum distillates. Aqueous formulations usually include a variety of non-solvent additives (Lavoué et al., 2003) which hinder OPI calculations. Concerning petroleum distillates, their exact composition is generally not stated on MSDSs, making the computation of activity coefficients impossible. It should be noted that the OPIs studied only address health effects through inhalation without taking into account skin exposure nor safety and environmental dimensions.
CONCLUSION AND RECOMMENDATIONS
The purpose of our study was to compare three OPIs (VHR, SUBFAC and MAL) using a list of commonly used or recommended solvents as both single Comparative evaluation of OPIs used in solvent substitution 399 substances and mixtures. Overall, little difference is seen in our data set between VHR and SUBFAC either for pure substances or for mixtures. The fact that for mixtures SUBFAC is calculated directly as corrected for nonideality is a definite advantage. Furthermore, it is part of the larger SUBTEC software allowing to take into account some other dimensions of substitution such as environmental emissions and technical aspects in the choice of substitutes. Important differences have been noted between the VHR and the MAL index (or its equivalent, the OAR) both for pure substances and mixtures. These differences appear to be essentially related to the categorization of relative evaporation rates into a discrete variable. Furthermore, MAL calculations for mixtures do not take into account Raoult's law nor the issue of nonideality.
In conclusion, since the SUBTEC software, introduced in the 1990's, has been unavailable for a number of years and because of the poorly discriminating nature of the MAL index, the use of the VHR seems to be the best recommendation for hygienists when comparing the inhalation hazard of solvents in a substitution project. Data for its calculation are readily available. In the case of mixtures, as a precaution, substitution should be recommended as long as the VHR value for an alternative solvent, without correction for nonideality, is at least 5-fold less than that of the solvent to replace. As another option, hygienists might consider undertaking the computation of the corrected VHR by estimating activity coefficients of the various components in mixtures, e.g. using the XL UNIFAC spreadsheet. 
